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photocatalysis, solar cells andmemorydevices. In this study,we present the photodegradation ofRho-
damine 6G and phenol red, employing heterogeneous photocatalytic process under solar irradiation.
The experiments were carried out to study the effects of various parameters (i.e. the effect of the
anchoring groups on the catalyst, concentration of the n-TiO2 semiconductor). The n-TiO2 was syn-
thesized by a sol–gel process and characterized by SEM. When samples of n-TiO2 of different sizes
were encapsulated with eriochromycine dye the quantum size effect is observed in the visible region
of the spectrum. The rate of degradation was estimated from the residual concentration spectropho-
tometrically. Phenol red showedhigher degradation thanRhodamine 6Gwhich canbe attributed to its
sulfonic and hydroxyl anchoring groups. The photodegradation showed pseudo-ﬁrst-order kinetics.
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ND license.1. Introduction
Many organic compounds are present as pollutants in waste-
waters that are emitted from industrial and normal house-
holds. These pollutants can be found in ground water wells
and surface waters. They can be treated by different processes:
adsorption in waste materials (Bousher et al., 1997), electro-
chemical oxidation (Lopez-Grimau and Gutierez, 2006), mem-
branes (Arami et al., 2006), coagulation (Papic et al., 2000),
Fenton or photo-Fenton oxidation, foam ﬂotation (Lin and
Lo, 1996), adsorption using activated carbon (Gomez et al.,
2007), combined coagulation/carbon adsorption (Papic et al.,
2004). However, these processes are nondestructive and
generate secondary pollutants. One way to destroy pollutants
without generating secondary toxic materials is photocatalysis.
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Scheme 1 Molecular structure of phenol red.
122 A.M. Asiri et al.In this process the pollutants decompose to CO2, H2O and
inorganic acids. The aim of this study is to evaluate photocat-
alytic degradation of phenol red (Scheme 1) and Rhodamine
6G (Scheme 2) and the parameters affecting their degradation.
2. Experimental
2.1. Materials
Rhodamine 6G, phenol red were purchased from Merck, TiCl4
(Loba chimie) was used as the starting material for the prepa-
ration of titanium dioxide nanoparticles. n-TiO2 5 nm is ana-
tase, S.A. 200–220 m2/g from Alfa Aeser. All materials were
used as supplied.
2.2. Preparation of nanosized TiO2 photocatalytic powder
Many synthesis methods such as hydrolysis, sol gel, microemul-
sion, hydrothermal have been used to prepare nanoparticles of
titanium dioxide (Bousher et al., 1997). The nanosized particles
were prepared from TiCl4 hydrolysis. Thus, the titanium tetra-
chloride concentration was adjusted to 3 M in water and the ini-
tial pH was found to be 1.8. Solution of concentration 5 M of
hydrazine hydrate in water was added drop wise until the ﬁnal
pH reached to 7.5–8 (litmus paper). The hydrolysis and conden-
sation reaction starts immediately upon mixing, as indicated by
rapid increase in turbidity and the formation of large, visible
ﬂocks, which precipitated to the bottom of the reaction vessel.
Themixturewas kept under high-speed stirring onmagnetic stir-
rer for 3 h at ambient temperature. The precipitated titanium
dioxide was ﬁltered, and repeatedly washed with hot water to
eliminate chloride ions. The product was dried at 100 C over
night and then ground to ﬁne powder. The polycrystalline tita-
nium dioxide powders were calcined at 500 C for 4 h.CH3
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Scheme 2 Molecular struc2.3. Characterization of nanosized TiO2 powder
The TiO2 powder was characterized by Scanning Electron
Microscopy (Joel 6390-LA) Fig. 1. Samples of nanosized tita-
nium dioxide (0.4 g) were capped with 0.005 g of poly ethylene
glycol and encapsulated with 0.001 g eriochromycine dye to
observe the quantum size effect in the visible which is attrib-
uted to the particle size (ﬁgure). The SEM showed some
titanium dioxide particle with a diameter size of 77 nm.
Fig. 2, x= 77.1 nm (see insert).2.4. Photocatalytic degradation of Rhodamine and phenol red
Thephotolysis ofRhodamine 6Gandphenol redwas carried out
in an Erlenmeyer ﬂask under sun irradiation on the roof of Taif
University from 10 am to 1 pm, using 150 ml of 3.76 · 105 mol/
l of the dye solution and 0.6 g/l of the photocatalyst TiO2 nano-
particles-77 and TiO2 nanoparticles-5 (Fig. 2). The degradation
was followed by Schomazou UV/visible spectrophotometer.
The intensity of solar radiation was (1050 Wm2) measured by
using solar meter. It ﬂuctuates during the reaction even under
clear sky. However, we kept the solar experiments of required
reaction under identical conditions, by carrying out the experi-
ments simultaneously, side by side, thus making it possible to
compare results of photodegradation.2.5. pH effect
A dye solution of a 3.76 · 105 mol/l and TiO2 nanoparticles
5 nm 0.6 g/l were applied to degrade Rhodamine 6G and phe-
nol red at pH1 and>10whichwere adjusted by addition ofHCl
or NaOH. The irradiation was carried out under the sun during
180 min.CH3
N O N
CH3
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CH3CH2
CH3
H
O
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ture of Rhodamine 6G.
Figure 2 Scanning Electron Microscopy (SEM) images of
n-TiO2 with different sizes.
Figure 1 Nanoparticles with quantum size effect. (a) Commer-
cial TiO2 (b) and (c) TiO2 nanoparticles with different sizes and (d)
dye used to stain the nanoparticles.
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3.1. Photodegradation and kinetics
The change in the absorption spectrum of 3.76 · 105 M of
Rhodamine 6G and phenol red were irradiated under direct
sunlight in an aqueous solution containing 0.6 g/l n-TiO2 of
sizes 77 and 5 nm, respectively, as shown in Figs. 3 and 4.
The decrease in the intensity of the absorption spectrum withFigure 3 The absorption spectrum of phenoincreasing time is evident, vanishing almost within 140 min
for Rhodamine 6G and 40 min for phenol red. The rapid dis-
appearance of the absorption at 525 nm for Rhodamine and at
431 nm for phenol red suggest that the chromophores respon-
sible for the characteristic color of the two compounds, are
degrading down. In acidic media as well as in basic, the
absorption of Rhodamine still observed at 525 nm; however
phenol red changes color in both media and has absorption
at 505 and 555 nm in acidic and basic media, respectively.
Since there is a linear dependence between initial concentration
of Rhodamine and phenol red at their maximum absorption,
during the experiment procedure, the photodegradation is
monitored spectrophotometrically at these wavelengths. Re-
sults of the photodegradation of 3.76 · 105 M of Rhodamine
6G and phenol red in presence of n-TiO2 (77 nm) and n-TiO2
(5 nm) as photocatalysts are shown in Table 1. The amount
of Rhodamine and phenol red in the solutions, as determined
from the spectrophotometric measurement, is plotted as a
function of irradiation time. It is clear from Figs. 3 and 4 that
the photodegradation of an air equilibrated Rhodamine and
phenol red solutions in the presence of the two n-TiO2 semi-
conductors leads to the disappearance of the two compounds.
However, phenol red degrades faster due to the sulphonyl and
hydroxyl anchoring groups. Under these experimental condi-
tions and in the presence of 0.6 g/l n-TiO2 (77 nm) 83% of phe-
nol red and 40% of Rhodamine were removed after 40 min of
sunlight exposure, while in the presence of n-TiO2 (5 nm) the
decolorization of phenol red and Rhodamine solutions by
the end of 40 min were 93% and 5%, respectively. The low
photodegradation of Rhodamine 6G can be attributed to the
negative electrostatic forces between the high percentage of
surface atoms at the n-TiO2 (5 nm) which approaches 45%
(Cao, 2006) and the positively charged dye Scheme 2. Thus,
the rate determining step of the degradation of Rhodamine
6G will depend on the adsorption of the oxygen molecule
(Eqs. (6) and (7)) and not by the adsorbed dye, like in the case
of phenol red. To conﬁrm this hypothesis, we run the photo-
degradation of the dye while bubbling oxygen during the
irradiation. It was not to our surprise to observe an increase
in the degradation (see Table 3). On the contrary, when phenol
red and Rhodamine were exposed to sunlight under same con-
ditions but in the absence of any catalyst, only a very small de-
crease in the concentration of phenol red and Rhodamine were
observed (Scheme 3). Direct irradiation of phenol red de-l red (3.76 · 105 M) with n-TiO2 in sun.
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Figure 4 The absorption spectrum of Rhodamine 6G (3.76 · 105 M) with n-TiO2 (5 nm) in sun.
Table 1 Photodegradtion of phenol red and Rhodamine 6G
in n-TiO2 with different sizes.
The size
of n-TiO2
Irradiation
time
(min)
Phenol
red
3.76 · 105 M
(%)
Rhodamine
6G
3.76 · 105 M
(%)
n-TiO2 (77 nm) (0.6 g l
1) 20 64.5 24.8
40 83.4 39.7
60 88.1 50.8
80 87.8 65.84
100 87.3 71.7
n-TiO2 (5 nm) (0.6 g l
1) 20 86.2 3.9
40 93.3 –
60 93.9 7.08
80 94.5 9.11
100 95.2 12.5
Table 3 Photodegradation of Rhodamine 6G in equilibrated
air and in presence of oxygen.
Time (min) Air (%) In presence of oxygen (%)
60 7.08 11.3
20 3.9 8.2
40 5.3 9
60 7.08 11.3
80 7.08 17.2
100 9.11 19.6
120 12.5 25
140 12.97 26
160 13.47 31
180 15.9 32
124 A.M. Asiri et al.graded it by 2% only Fig. 5 while Rhodamine 6G degraded by
3% Fig. 6.
3.2. Mechanism of photodegradation
The photocatalytic degradation of a dye in solution is initiated
by the photoexcitation of the semiconductor, followed by the
formation of electron–hole pair on the surface of catalystTable 2 Photodegradtion of phenol red and Rhodamine 6G in n-T
The size of n-TiO2 Irradiation time (min) Phenol red 3.76 ·
Neutral (%) pH
n-TiO2 (5 nm) (0.6 g l
1) 20 86.2 21
40 93.3 27
60 93.9 31
80 94.5 37
100 95.2 42
120 – 46
140 – 49
160 – 51
180 – 56(Eq. (1)). The high oxidative potential of the hole hþVB
 
in
the catalyst permits the direct oxidation of the dye to reactive
intermediates catalyst (Eq. (2)).
TiO2 þ hm ! TiO2 eCB þ hþVB
  ð1ÞhþVB þ dye! dyeþ ! oxidation of the dye ð2Þ
Another reactive intermediate which is responsible for the
photodegradation is hydroxyl radical ðOHÞ. It is either
formed by the decomposition of water (Eq. (3)) or by reaction
of the hole with OH (Eq. (4)). The hydroxyl radical is aniO2 at different pH.
105 M Rhodamine 6G 3.76 · 105 M
1 (%) pH 11 (%) Neutral (%) pH 1 (%) pH 11 (%)
0.84 3.9 26.6 31
6.25 5.3 58.2 40.6
.84 13.7 7.08 81.06 48.3
.3 23.7 7.08 91.7 58.3
.5 35.06 9.11 97.02 70.8
.3 49.7 12.5 98.9 77.8
.8 59.8 12.97 98.99 84.9
.9 60.3 13.47 98.5 91.5
.5 81.3 15.9 98 97.3
CH3
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TiO2
Phenol red in n-Tio2 before and after sun irradiation
Scheme 3 No interaction with TiO2 due to absence of anchoring
groups.
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book, 1995) and with rate constants usually in the order of
106109 M1 s1 (Hoigne, 1997) which leads to the partial
or complete mineralization of several organic compounds
(Daneshvar et al., 2003). Experimental results indicated that
the photodegradation of phenol red is faster than Rhodamine
6G which due to the presence of anchoring groups that is ab-
sent in the Rhodamine.
hþVB þH2O! Hþ þ OH ð3ÞhþVB þOH ! OH ð4ÞFigure 5 The absorption spectrum of phenol red (OHþ dye! photodegradation of the dye ð5Þ
eCB þO2 ! O2 ð6Þ
O2 þH2O2 ! OH þOH þO2 ð7Þ3.3. FT-IR characterization of phenol red TiO2 system
We used Fourier transform infra-red technique to elucidate the
interaction between the dye and the catalyst. Fig. 8 shows the
FT-IR spectra of phenol red (red) and phenol red bound to
TiO2 (black). The spectrum of pure phenol red showed the sul-
phonato group stretching at 1480 cm1, this band is com-
pletely disappeared in the spectrum of phenol red bound
TiO2. Meanwhile the OH group in the pure phenol red showed
sharp stretching at 3293 cm1 and this band disappeared too
and a new wide band centered at 3429 cm1 appeared. This
conﬁrms the adsorption of phenol red on TiO2 surface as other
anchoring groups (Kathiravan and Renganathan, 2009). How-
ever, in the case of Rhodamine 6G, we observed no signiﬁcant
difference between FT-IR spectra of Rhodaminw 6G alone
and Rhodamine 6G with TiO2. Thus, we inferred that the
interaction of phenol red with TiO2 surface occurs through
its sulphonato and phenolic anchoring groups.
3.4. Kinetic study
According to large number of researchers, the inﬂuence of the
initial concentration of the dye to the photocatalytic photodeg-
radation rate of most organic compounds is described by a
pseudo-ﬁrst-order kinetic. Fig. 7 shows the kinetic disappear-
ance of phenol red and Rhodamine 6G. Photocatalytic photo-
degradation of both dyes in aqueous n-TiO2 that can be
described by ﬁrst-order kinetic model, ln(Co/C) = kt where
Co is the initial concentration and C is the concentration at
any time, t. The semilogarithmic plots of the concentration
with time gave a straight line. The correlation constant for
the ﬁtted lines were calculated to be R2 = 0.9459 and 0.9973
for phenol red and Rhodamine, respectively while the rate con-3.76 · 105 M) without catalyst in sun after 3 h.
Figure 7 Pseudo-ﬁrst-order kinetic Plot of ln(Co/C) of phenol red and Rhodamine 6G degradation in the presence of TiO2 versus
Irradiation time.
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Figure 6 The absorption spectrum of Rhodamine 6G (3.76 · 105 M) without catalyst (5 nm) in sun after 3 h.
Figure 8 FT-IR spectra of phenol red (red color) and phenol red bound with TiO2 (black color).
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Scheme 4 Interaction with TiO2 due to presence of sulfonic and
hydroxyl anchoring groups.
Photodegradation of Rhodamine 6G and phenol red by nanosized TiO2 under solar irradiation 127stant calculated to be 5.63 · 104 and 2.37 · 104 s1 for phe-
nol red and Rhodamine 6G, respectively.
3.4.1. Effect of pH
pH is an important parameter for the photocatalytic process
and it will be of interest to study its inﬂuence on the photodeg-
radation of phenol red and Rhodamine 6G. Since the photoox-
idation is accompanied by release of protons, its efﬁciency may
then change, because of the reversible parameters of TiO2 sur-
face (Hoffman et al., 1995). Table 2 shows the photooxidation
of phenol red and Rhodamine at pH 1 and pH> 10. For the
alteration of pH in the acid and alkaline, HCl and Na OH
solutions have been used respectively. As can be seen from Ta-
ble 2, the photoactivity decreases at pH 1 and pH> 10. This
effect can be mainly explained by surface charge of TiO2 (point
of zero charge, pzc pH 6.25), the surface of TiO2 is positively
charged at pH 1 and negatively charged at pH > 9. The struc-
ture of phenol red in accordance with values of pH, the struc-
ture A is characteristic at pH 1 and structure C is characteristic
at pH > 10 while structure B and its relation to the structure
of the dyes in different media (see structures Scheme 1). At va-
lue of pH that included in 4.4, the structure of phenol red can
be found in structure B. The optimum values of photodegrada-
tion are found to be at pH 4.4 for phenol red and at pH 5.5 for
Rhodamine (see Table 3). At pH 4.4, there is a strong adsorp-
tion of the phenol red on TiO2 as a result of the electrostatic
force attraction of the positively charged TiO2 with the fully
ionized sulfonic group, which acts as a strong acid. This behav-
ior seems to be characteristic for many photocatalytic systems
and similar results have been obtained by the photodegrada-
tion of compounds such as Reactive Black 5 (Poulios and
Tsachpinis, 1999), phenols (Karunakara and Dhanalakshmi,
2009), phenoxyacetic acid (Trillas et al., 1993) and methyl or-
ange (Kansal et al., 2007). On the other hand, a decrease in the
reaction rate has been observed, with pH 11, reﬂecting the dif-
ﬁculty of the sulfonilic and phenolic anions in approaching the
negatively charged TiO2 surface. These phenomena may be ex-
plained by the excess of OH anion on the catalyst surface
which favors the photogeneration by OH radicals and seems
to be directly responsible for the phenol red degradation.
Additionally, at sufﬁciently higher pH values the formation
of oxidizing species such as oxide radical anion O2 , which re-
acts in a different manner from OH, could also be responsible
for the enhancement of degradation, (after 180 min 81% was
degraded). Table 4 summarizes the electrostatic force interac-
tions between the dye and the catalyst at different pH. The dif-
ference in the reactivity of the two nanoparticles suggest that
different absorption sites or different distribution of adsorp-
tion sites for phenol red on the surface of the nanoparticles
similar to oxalic acid on 5 and 32 nm particles.Table 4 Coulombic forces between TiO2 surface and struc-
tures of dyes at different pH.
Values of pH 1 4.4 >10
The surface charge of TiO2  + 
The structure of phenol red A C B
Electrostatic interaction Repulsion Strong
attraction
Repulsion
Values of pH 1 5.5 >10
The structure hodamine A A B
Electrostatic interaction Weak repulsion Weak Repulsion3.4.2. The roles of the photodegradation pathways
As proposed in the degradation mechanism above, some ac-
tive oxygen species, such as HO, h+ and H2O2 were formed
during the reaction in TiO2/hm. The roles of the degradation
pathways of Rhodamine 6G could be estimated by measuring
the roles of these oxidative species. The effect of alcohols on
the photocatalytic rate has been commonly used to estimate
the oxidation mechanism (Daneshvar et al., 2004). Though
direct oxidation of short aliphatic alcohols by photogenerated
holes probably occurred, it was considered negligible because
in aqueous media, they have very weak adsorption power on
TiO2 surfaces (Chen et al., 2005). Therefore, alcohols are
usually used as diagnostic tools for HO radicals. In this
study, i-PrOH was used as a quencher of HO radicals. The
rate constant of reaction between HO and i-PrOH is
1.9 · 109 M1 s1, a rate almost of the diffusion limit (Chen
et al., 2005). The inhibitive effect of 0.1 mmol/l i-PrOH on
photodegradation of the dye solution was evident. The
apparent constant (k) of pseudo-ﬁrst-order reaction decreased
from 0.0231 to 0.0207 s1. Eleven percentage decrease of k
indicates that 11% of Rhodamine degradation was achieved
by HO radicals oxidation.
KI is an excellent scavenger which can react with valence
band holes and HO radicals (Ishibashi et al., 2000). When io-
dide ion was used as a diagnostic tool for suppressing the hole
and HO process, the photocatalytic degradation of Rhoda-
mine was largely increased. In the presence of 0.1 mmol/l KI,
the rate constant increased from 0.0231 to 0.0325 s1, which
is contrary to our expectation. At, any rate, the enhancement
of degradation rate by KI will be most welcome as there are
many anions in open waters (Scheme 4).
4. Conclusion
Thee photodegradation of phenol red and Rhodamine 6G with
n-TiO2 of different sizes has been studied under sunlight. Phe-
nol red degrades faster, under similar irradiation conditions,
than Rhodamine 6G which can be attributed to the anchoring
of the sulphonic and phenolic groups to the surface of the cat-
alyst. Nanoparticles of TiO2 with smaller size are more effec-
tive in the photodegradation due to their large surface area
128 A.M. Asiri et al.(Cao, 2006) in absence of positive electrostatic between the cat-
alyst and the dye. The degradation can be increased by increas-
ing oxygen concentration or addition of KI. Kinetics studies
showed the reactions to be of pseudo-ﬁrst-order.Acknowledgement
The authors acknowledge the research grant provided by Taif
University, Kingdom of Saudi Arabia (Grant No. 345/431/1).
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